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ABSTRACT 
The f l o w o f a f l u i d t h r o u g h an a b r u p t a r e a e n l a r g e m e n t i n a p i p e 
i s a c c o m p a n i e d b y s e p a r a t i o n , e x t r e m e v e l o c i t y g r a d i e n t s , h i g h i n t e r n a l 
s h e a r s t r e s s e s , a n d e x c e p t i o n a l t u r b u l e n c e . The d i s t u r b e d f l e w p e r s i s t s 
o v e r a c o n s i d e r a b l e l e n g t h o f t h e l a r g e r p i p e b e f o r e t h e m o t i o n p a t t e r n 
i s r e s t o r e d t o i t s n o r m a l , u n i f o r m - f l o w s t a t e . W i t h i n t h i s r e a c h much 
o f t h e e n e r g y o f t h e e n t e r i n g s t r e a m i s c o n v e r t e d i n t o i r r e c o v e r a b l e h e a t 
e n e r g y . The t o t a l amoun t o f e n e r g y " l o s t " i n t h i s m a n n e r i s c o m p r i s e d o f 
t w o p a r t s : t h a t d u e t o b o u n d a r y r e s i s t a n c e and t h a t d u e t o t h e e x c e s s 
t u r b u l e n c e i n t h e w a k e d o w n s t r e a m f r o m t h e e n l a r g e m e n t . I t w a s t h e p u r ­
p o s e o f t h i s i n v e s t i g a t i o n t o e v a l u a t e t h e l o s s o f e n e r g y d u e t o a b r u p t 
e n l a r g e m e n t s . A m a j o r o b j e c t i v e o f t h e s t u d y w a s t h e d e t e r m i n a t i o n o f 
t h e r e l a t i v e i n f l u e n c e o f b o u n d a r y r o u g h n e s s . 
The l a r g e r o f t h e t w o e n e r g y ( h e a d ) l o s s e s i n t h e r e g i o n o f f l o w 
e s t a b l i s h m e n t d o w n s t r e a m f r o m a n a b r u p t e n l a r g e m e n t i s ( H ^ ) , w h i c h i s 
t h a t p a r t a s c r i b e d t o t h e e x c e s s t u r b u l e n c e i n t h e w a k e . T h i s l o s s d e ­
p e n d s p r i m a r i l y o n t h e b o u n d a r y g e o m e t r y , w h i c h , f o r u n i f o r m c i r c u l a r 
p i p e s , i s a d e q u a t e l y e x p r e s s e d b y t h e a r e a - e n l a r g e m e n t r a t i o , A ^ / A ^ . I t 
c a n b e e v a l u a t e d f r o m t h e c l a s s i c B o r d a - C a r n o t e q u a t i o n . The b o u n d a r y 
r e s i s t a n c e l o s s ( H ^ 1 ) d e p e n d s o n t h e e n l a r g e m e n t r a t i o , t h e R e y n o l d s num­
b e r o f t h e f l o w , t h e r e l a t i v e r o u g h n e s s o f t h e p i p e , f l o w c o n d i t i o n s a t 
t h e e n t r a n c e , a n d t h e d i s t a n c e ( L ^ ) o v e r w h i c h t h e t o t a l h e a d l o s s i s 
m e a s u r e d . T h i s l o s s c a n b e e v a l u a t e d f r o m a f o r m o f t h e D a r c y - W e i s b a c h 
i x 
equation in which (f 1) is the resistance coefficient. Evaluation of ( f ) 
as a function of the variables listed depends on experiment. 
The experimental part of this investigation was restricted to 
symmetrical, abrupt enlargements in circular pipes. Tests were made for 
four enlargement ratios, two degrees of boundary roughness (designated 
smooth and rough), and a small range of Reynolds numbers in the turbulent 
range. Entrance characteristics were virtually eliminated as variables 
by the use of short, smooth nozzles to produce the entering stream. 
The conclusions drawn from the experimental program were based 
primarily on an analysis of the boundary-resistance head loss (H^') and 
the resistance coefficient (f !) in the first 25 diameters of the larger 
pipe downstream from the enlargement. This length is believed to be 
sufficient to contain the larger part of the non-uniform flow. 
From the tests made for this investigation, it appears that (f f) 
is influenced only slightly by the Reynolds number but very much by the 
enlargement ratio and relative roughness. The influence of the enlarge­
ment ratio was much greater for the smooth pipe than for the rough pipe. 
In fact, (f !) for the smooth pipe exceeded that for the rough pipe for 
all values of the enlargement ratio (Ag/A-^) above seven. 
For both the smooth pipe and the rough pipe, (f f) was smaller than 
the normal resistance factor (f) for uniform flow when (Ag/A^) was less 
than about four. For larger values of the enlargement ratio, (f f) was 
larger than (f), the ratio (f '/f) reaching a maximum value of 12 for an 
enlargement ratio of 17 in the smooth pipe. 
From practical considerations, it was concluded that the observed 
X 
difference between (f 1) and (f) was insignificant. This was demonstrated 
by a graph showing the relative error (in the total head loss, including 
due to using (f) instead of (f f)» It was shown that the maximum error 




Description of the Problem,—The flow of a fluid from one pipe into an­
other pipe through an abrupt area enlargement is accompanied by separa­
tion, extreme velocity gradients, high internal shear stresses, and ex­
ceptional turbulence. The disturbances resulting from the enlargement 
persist over a considerable length of the larger pipe before the motion 
pattern is restored to its normal, uniform-flow state. Within this reach 
much of the kinetic energy of the entering stream is converted directly 
into heat by the viscous shear stresses which occur at the surface of 
discontinuity between the jet and the surrounding fluid. A smaller part 
of the initial energy is converted into energy of turbulence, but this 
is eventually dissipated as heat energy during the decay of the excess 
turbulence. The remainder of the kinetic energy of the entering stream 
accrues to the total energy of the decelerated flow downstream from the 
enlargement. 
It is apparent that the total energy loss resulting from the flow 
of fluids through abrupt enlargements consists of two parts: that due to 
boundary resistance and that due to separation and the occurrence of a 
turbulent wake downstream from the enlargement. It follows that the 
total loss, as well as the relative magnitude of the two components, de­
pends on the relative size of the enlargement, the shape and relative 
roughness of the adjacent pipe sections, and the Reynolds number of the 
2 
flow. In addition, it has been shown that the flow pattern in the enlarge­
ment is especially influenced by the velocity distribution and turbulence 
characteristics of the entering stream. 
vestigation to evaluate the loss of energy due to abrupt enlargements in 
pipes. Particular emphasis was placed on the separation of the total 
energy loss into the two components described above. Thus, a major ob­
jective of the study was the determination of the relative influence of 
boundary roughness. 
The investigation was restricted to symmetrical, abrupt enlarge­
ments in circular pipes. The experimental program included tests on 
four degrees of enlargement and two degrees of boundary roughness in the 
larger pipe, which was nominally six inches in diameter for all tests. 
Entrance characteristics were virtually eliminated as variables by the 
use of short, smooth nozzles of four different sizes, All tests were 
made for flows in the turbulent range. A limited number of tests was 
made to establish the normal boundary resistance characteristics of the 
test pipes and the velocity distribution in the nozzles. Test data on 
the abrupt enlargements included rate of flow, complete piezometric pro­
files, and selected velocity traverses. 
Review of Research on Abrupt Enlargements.—The procedure usually recommend­
ed for estimating the energy loss due to abrupt enlargements in pipes is 
based on the classic "Borda-Carnot" or "Borda" equation, 
Purpose and Scope of the Investigation,—It was the purpose of this in-
( i ) 
where (H^.) is the loss of head due to the enlargement exclusive of the 
boundary resistance loss, (V^) and (Vg) are the average velocities, and 
(A^) and (Ag) are the areas of the small pipe and the large pipe, re­
spectively. The derivation of the Borda equation is based on the simul­
taneous solution of the one-dimensional energy and momentum equations. 
These equations are applied to a reach extending from the abrupt enlarge­
ment to a section of essentially uniform flow downstream from the enlarge­
ment. In both the energy and the momentum equations the influence of 
boundary resistance is ignored. Thus, for the estimation of the total 
energy loss in a pipe line which includes an abrupt enlargement, the loss 
represented by equation 1 is ordinarily added to the computed boundary 
resistance loss based on the assumption of uniform flow in the pipes ad­
jacent to the enlargement. 
One of the first to attempt to substantiate the traditional applica­
tion of the Borda equation was A. H. Gibson (l ) ( 2 ) . Gibson made tests on 
small, smooth pipes, covering area ratios (k^/k-^ - ratio of downstream pipe 
area to upstream pipe area) from 2 .25 to 10.96. He did not take into ac­
count the influence of upstream flow conditions, Reynolds number, or rela­
tive roughness. He concluded from his tests that the energy loss "increases 
slightly with the ratio of enlargement and, in pipes with the same ratio 
of enlargement, is greater the smaller the pipe." A formula proposed by 
Gibson, based on his experiments, gives values of (H^) which are four per­
cent greater at A^/A-^ - 10.96 and 5 percent less at A^/A^ = 2 .25 than the 
values given by equation 1. 
Another investigation frequently quoted was performed by W . H. 
Archer (3)» The experimental set-up used by Archer was similar to that 
used by Gibson. Archer !s tests covered values of A^/A^ from 1 .U51 to 
9 . 0 2• The tests were made with smooth brass pipes. The published data 
are insufficient to describe the upstream flow conditions or the Reynolds 
number. like Gibson, Archer presented a table based on his experiments 
which showed the "true" enlargement loss as a percentage of equation 1 . 
Values given in this table, expressed as a function of the enlargement 
ratio and the velocity in the upstream pipe, varied from 75 percent 
(Ag/A-L - infinity, V-j_ = 80 feet per second) to 122 percent (Ag/A-j^ - 1 . 2 5 , 
V-|_ = 2 feet per second). Thus, Archer apparently contradicts Gibson's 
conclusions that the enlargement loss increases with the enlargement 
ratio. The extreme variation with (V^) shown by Archer was not reported 
by Gibson. It should be emphasized, also, that the table prepared by 
Archer involves a considerable extrapolation of his experimental data. 
One of the most recent studies was reported by Kalinske ( U ) . In 
his investigation, Kalinske was primarily concerned with the internal 
mechanism of the energy transformation. Kalinske 1s tests covered only 
one enlargement ratio and two rates of flow. However, the data taken 
included much information on the growth and decay of the turbulent wake, 
mean velocity distribution, and energy dissipation. Among his conclusions 
were: 
(1) The maximum total turbulence energy is a small part of the 
total energy change taking place. For an abrupt enlarge­
ment, the maximum ratio of the turbulence energy to the 
mean kinetic energy was 0 . 5 0 . 
(2) The principal loss of energy occurs at the surface of the 
high velocity stream as it passes into the larger pipe. 
This loss is due to the high local shear stresses developed 
and is represented by a direct conversion of kinetic energy 
into heat energy. The turbulence produced is a by-product 
of the energy conversion process. During its decay, how­
ever, turbulence eventually results in an energy loss. 
( 3 ) The turbulence created in the enlargement plays an im­
portant role in helping to reduce the velocity of the 
center portion of the stream. 
(h) The energy lost in an enlargement is influenced consider­
ably by the distribution of velocity at the inlet. 
In none of the reported investigations has the influence of boundary 
roughness been investigated. The present investigation was suggested by 
this observation and by the certain problems which arose in connection 




Abrupt Enlargements in Pipes .—Figure l(a) is a definitive sketch for an 
analysis of flow through abrupt enlargements in pipes. If it is assumed 
that section (l) is immediately upstream from the enlargement and that 
the flow in this section is both steady and uniform (parallel velocity 
vectors) the average piezometric head in the section is equal to the 
piezometric head at the boundary. Furthermore, because the live stream 
issuing from the small pipe or nozzle persists without appreciable change 
in energy or momentum into the region immediately downstream from the en­
largement, the piezometric head in this region is equal to the piezometric 
head at section (l). 
The distance (Lg) in figure 1 is assumed to be sufficient to allow 
for the establishment of uniform flow in the larger pipe. Thus, the ve­
locity distribution at section (2) is assumed to be normal far the Reynolds 
number and relative roughness of the pipe. The velocity distribution at 
section (l) depends, in addition, on the length and relative roughness of 
the smaller pipe as well as any characteristics such as turbulence or 
whirl which are imposed on the entering stream. 
Figure 1(b) is a force free-body of the fluid contained between 
sections (l) and (2). For generality, it is assumed that the body is non-
horizontal. Thus, the external forces acting in the direction of motion 
include the normal forces (F and F ) due to the pressure at the end 
PI P2 
7 
s e c t i o n s , the tangential fo rce (F^. ) due t o boundary shear, and the body 
f o r c e (F ) due t o the weight o f the f l u i d . 
The s o - c a l l e d momentum p r inc ip l e in f l u i d mechanics i s pa r t i cu l a r l y 
appl icable t o the analysis of f low through abrupt enlargements. According 
t o th i s p r i n c i p l e , as i t pertains t o the free-body in f igure 1 ( b ) , the 
summation of the external fo rces i n the d i r e c t i o n of motion i s equal to 
the change of momentum f lux between sec t ions ( l ) and ( 2 ) , or 
where (Q) i s the t o t a l d ischarge, ( p ) i s the mass dens i ty , (V) i s the 
average ax ia l v e l o c i t y , and ( | f l ) i s a c o e f f i c i e n t which accounts f o r the 
non-uniformity o f v e l o c i t y d i s t r i bu t i on i n a c r o s s - s e c t i o n . 
As indica ted i n f igure 1 , F^ = and F p a $2^2* or> 
\ - \ - k r P 2 ) , 
where ( p 1 ) and ( p 2 ) are the average pressures at sec t ions ( l ) and ( 2 ) , 
r e s p e c t i v e l y , and (A^) i s the area of the large p ipe , assumed t o be uniform 
and c i r c u l a r . 
The body fo r ce (F ) , which i s the e f f e c t i v e component o f the t o t a l 
weight (iff) i s , from the f i g u r e , 
z-i" 22 IT D 2 2 
F g = W s in Q = y y 2 = ^ ^ l - 2 2 } ~ X ~ > 
where ( z ^ - Z g ) i s the d i f f e rence i n e leva t ion over the length ( I ^ ) , and 
( V ) i s the s p e c i f i c weight of the f l u i d . 
8 
The boundary shear f o r c e i s expressed i n terms o f an average bounda­
ry shear s t ress (*P ) or an average drag c o e f f i c i e n t ( c _ ) f o r the length 
' o x 
( V . 
Simi la r ly , the change i n momentum f lux can be expressed as , 
When a l l the above subs t i tu t ions are made i n equation 2 , and af ter 
i t i s d iv ided by (*Y*) and s i m p l i f i e d , 
Subst i tut ing the symbol (h) f o r the piezometr ic head ( p / Y * +• z ) and ( f » ) 
f o r the quantity (Uc^) , 
I f ^ 2 ^ a r e t a k e n ' t o b e t o 1.0^ i f ( ? 2 ^ / 2 g ) I s sub-
t rac ted from both s ides ; and i f (V^ / 2 g ) i s added to both s ides of equa­
t i o n 3* i t can be fac tored t o g i v e , 
h V 2 2 ( V 1 ~ T 2 ) 2 
The right-hand term i n equation U i s the Borda equation f o r the head l o s s 
due t o enlargement (equation l ) , which i s usual ly derived without any con­
s idera t ion o f boundary r e s i s t a n c e . The f i r s t two quant i t ies i n brackets , 
on the other hand, represent the total energy heads at sections (l) and 
(2), respectively. It follows that the third quantity can be described 
as the total head loss due to boundary resistance in the reach of length 
( I ^ ) . Letting (H^.) represent the enlargement loss and (H^ 1) the boundary 
resistance loss, 
= *L = H f ' + Hx* ( ? ) 
where (H^) is the total energy loss between sections (l) and (2). 
The combination of equations k and 5 with the equation of conti­
nuity yields, 
r 
2 ft D 2 J -§i- (6) 
It is also apparent that (H f») in equation $ is similar to the quantity 
(H^) given by the Darcy-Weisbach equation for the resistance loss due to 
uniform flow in pipes, 
Hf = f r Ii • c?) 
It follows that ( f ) is similar to (f). 
The Influence of Velocity Distribution.—In the foregoing analysis, sub­
sequent to equation 3, it "was assumed that the momentum flux coefficients, 
fi-^i a n u ' ^ 2 ' w e r e equal to 1.0. Prerequisite to this assumption, of 
course, is the assumption that the velocities at all points in each cross-
section are equal; that is, that the velocities are uniformly distributed 
in the section. It is important that the error due to this assumption 
be evaluated. 
1 0 
From equation 3, the eror in evaluating (HI.) is, 
Or, simplified and expresed as a dimensionles ratio with respect to 
(Hp r A 2 -i (8) 
Similarly, the eror in (ff) is, 
(9) 
or, A(f i) - -1 A.{E'). ( 1 0 ) 
L 2 It is aparent that evaluation of the relative erors in (Hp and (f') due to the asumption of uniform velocity distributions at sections 
( 1 ) and ( 2 ) is dependent on the evaluation of {(?and Ĉg)* The momentum flux coeficients are defined by the relationship, 
Q A 
P(QpV) - J vDQ = v̂2ciA, ( 1 1 ) in which (v) is the velocity at the point represented by the diferential area (dA). From equation 11, 
Q A ff - - i / v dQ = f (v2) dA. ( 1 2 ) 
11 
The experimental evaluation of (jQ) is best accomplished by means of the 
approximate equation. 
average velocity in a small but finite portion of the total area, 4 A » 
Beta should not be confused with the coefficient ( Q t , alpha), which 
is a measure of the error involved in the assumption that the average 
velocity-head in a cross-section is (V / 2 g ) . Alpha is defined by the 
equati on, 
(13) 






General .—The laboratory tests for this investigation were made in the 
Hydraulics Laboratory, School of Civil Engineering, Georgia Institute of 
Technology. The general arrangement of the laboratory equipment is shown 
on figures 2 and 3 . 
The principal equipment, including the approach section and the 
test section, was located in an existing three-foot wide by three-foot 
deep flume shown in figure 3* This arrangement provided for submergence 
of the downstream end of the test pipe and the diversion of the discharge 
into a weighing tank located under the balcony which supported the flume. 
Water was supplied from the laboratory fs constant-head recirculat­
ing system. The approach section consisted of an eight-foot length of 
twelve-inch pipe equipped with straightening vanes and baffles. A valve 
in the six-inch pipe line upstream from the approach section was used to 
regulate the discharge. The maximum discharge used in the test was 1 . 7 
cubic feet per second. 
Test Pipes.—The two pipes used for the larger or downstream section of 
the test section were both built of one-eighth-inch transparent plastic 
(Lucite or Plexiglas). Both pipes were nominally six: inches in outside 
diameter and were fabricated in short lengths joined by bolt-connected 
plastic flanges. The lengths and average inside diameters are shown in 
figure 2. 
The test pipes are described in this report as "smooth" and "rough 
Each length of smooth pipe was fabricated from two sheets of plastic, butt-
joined to form smooth longitudinal seams. End flanges were lathe-turned 
and fitted to the ends of the pipe sections. Although great care was 
taken in the fabrication of this pipe, slight irregularities in the inside 
diameter and mis-matching at the flanged joints prevented it from having 
the characteristics of hydraulically smooth pipe. An unfortunate, tempo­
rary shortage of commercial molded plastic pipe accounted for the local 
fabrication of the smooth pipe. 
The rough pipe used in the tests was made from molded Lucite tub­
ing. To facilitate the application of a sand-grain roughness to the in­
side surface the pipe sections were cut and re-joined with flanged longi­
tudinal joints. The sand used was a graded river sand which passed a 
No. 12 U, Sm Standard screen sieve and was retained on a No. lit Tyler 
screen sieve. The average diameter of the sand was estimated to be 0.05 
feet. The sand was cemented to the pipe by means of a full coat of spar 
varnish. Figure h s h e w s the upstream e n d of the rough pipe section and 
the rounded-entrance section used for boundary resistance tests. The 
large flange shown in the photographs was used to attach the test pipe 
to the twelve-inch approach pipe as shown in figures 2 and 3. 
Nozzles.—Velocity non-uniformity and angularity in the flow approaching 
the test section was largely eliminated by means of the vanes and baffles 
described above. Transverse variations in velocity in the small pipe 
were reduced to a minimum by using short (length = 3«0 diameters) smooth 
nozzles instead of long pipes. Figure J shows the four nozzles used for 
l U 
tests on both the rough and smooth six-inch test pipes* Each nozzle in­
cluded a rounded entrance and a flange for attachment to the test section. 
Figure 6 shows one of the nozzles attached to the twelve-inch flange, with 
the six-inch smooth pipe attached to the downstream side. Details and 
dimensions of the nozzles as well as the test pipes are shown on figure 7* 
Piezometric Profile Measurements.)—Piezometric heads were measured by 
means of piezometers or static tubes connected to a precision manometer. 
Piezometers for the measurement of static head in section (l) were located 
in the nozzles a short distance upstream from the enlargement. Their lo­
cations are shown on figures 6 and 7* Piezometric-head measurements in 
the six-inch test sections were made by means of a portable static tube 
which was inserted through tapped holes along the length of the pipe. 
The static tube is shown on figure 8. Plugged holes that provided for 
the insertion of the static tube are shown on figure 6 . 
Velocity Measurements.—Velocity measurements in the six-inch test pipes 
w e r e made with a p o r t a b l e pitot-static t u b e which was inserted in the 
holes provided for the static tube. A. photograph of the tube is shown 
on figure 8 . A simple stagnation tube with a hypodermic needle tip 
(No. 18 gauge) was used for velocity measurements at the end of the 
nozzles. Piezometric differentials for the velocity observations were 
measured on a precision manometer. 
Discharge Measurements.—The volune rate of flow for all abrupt enlarge­
ment and boundary resistance tests was measured with the laboratory's 
weighing-tank equipment. Measurements recorded included weight, time, 
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and -water temperature* Weights, measured with a platform-beam scale, were 
recorded to the nearest pound. Time intervals were measured to the nearest 
0 .01 second with an electric stop clock. 
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CHAPTER -TV 
EXTERILENTAL PROCEDURE AID TEST RESULTS 
3oundary R e s i s t a n c e T e s t s . — T h e u n i f o r m - f l o w r e s i s t a n c e c h a r a c t e r i s t i c s 
o f b o t h the smooth and t h e rovigh s i x - i n c h p i p e s e c t i o n s v;ere de te rmined 
as a b a s i s f o r compar i son w i t h t he abrupt en largement t e s t s . A t o t a l 
o f e i g h t t e s t s was made. The r e s u l t s are shown i n t a b l e 1 and on 
f i g u r e s 2li and 2 ^ . 
The g e n e r a l s e t - u p f o r the boundary r e s i s t a n c e t e s t s was d e s c r i b e d 
i n t he p r e v i o u s c h a p t e r . The l e n g t h s and ave rage d i ame te r s of the t e s t 
p i p e s a re shown on f i g u r e 2 . A l l t e s t s were made w i t h a smooth , rounded 
e n t r a n c e s e c t i o n . The p i p e s were h o r i z o n t a l and at t h e i r d i s c h a r g e ends 
were submerged t o ensure f u l l f l o w . 
The r e s i s t a n c e c h a r a c t e r i s t i c s f o r each Icind o f p i p e were e v a l u a t e d 
on the b a s i s o f measured p i e z o m e t r i c p r o f i l e s . P i e z o m e t r i c heads were 
measured w i t h a s i n g l e s t a t i c tube equ ipped v a t h a p a c k i n g g l and f o r 
i n s e r t i o n a t s e v e r a l w a l l open ings a l o n g the l e n g t h o f the p i p e . This 
p r o c e d u r e was used because ( l ) i t a v o i d s t h e e r r o r s due t o t h e i n d i v i d u a l 
c h a r a c t e r i s t i c s o f d i f f e r e n t t u b e s , ( 2 ) i t a v o i d s t h e e r r o r s i n h e r e n t i n 
w a l l p i e z o m e t e r s w h i c h are l o c a t e d near mis-matched f l a n g e s o r i n the 
mids t o f p r o t u b e r a n c e s w h i c h compr i se w a l l r o u g h n e s s , and ( 3 ) i t a v o i d s 
the a d d i t i o n a l head l o s s wh ich r e s u l t s when s e v e r a l s t a t i c tubes are 
l o c a t e d a t f i x e d p o s i t i o n s i n the p i p e . 
The r e s i s t a n c e c o e f f i c i e n t ( f i n e q u a t i o n 7) was computed on t he 
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basis of the hydrau l ic gradients at the downstream end of the t e s t reach. 
These v a l u e s , taken from smooth curves drawn through the p lo t ted p i e z o ­
metric da ta , are included i n tab le 1. I t i s recognized that t r u l y uniform 
f low cannot be at ta ined i n such short reaches as were i n v o l v e d i n these 
t e s t s . However, work by Shapiro and Smith (6) ind icates that the normal 
value of the resistance c o e f f i c i e n t would be v e r y n e a r l y at tained at the 
downstream end of the tes t reach. I t i s assumed, t h e r e f o r e , that the 
values o f ( f ) shown i n table 1 correspond to the cond i t ion of uniform 
f l o w . 
As a means of c l a s s i f y i n g the boundary roughness i n a p i p e , i t i s 
customary to compare measured values of ( f ) w i t h values d e r i v e d (7) f rom 
tests by Nikuradse on sand-roughened p i p e s . When t h i s was done w i t h the 
r e s u l t s shown i n table 1, the equivalent roughness of the "rough" pipes 
was 0.03U f ee t * This value i s supposed to correspond t o the diameter 
of the uniform sand grains used by Nikuradse i n his t e s t s . I t does not 
compare w e l l , however, w i t h the mean g r a i n s i z e (0.005 fee t ) of the sand 
u s e d i n f a b r i c a t i n g the r o u g h p i p e . I t i s b e l i e v e d that the disagreement 
r e f l e c t s the in f luence of the f langed j o i n t s as w e l l as the d i f fe rence i n 
sand-gra in shape, spacing, and method of cementing. 
When the resu l ts f o r the "smooth" pipe were p l o t t e d on a graph 
based on the Nikuradse t e s t s , i t was apparent that t h i s p ipe was not 
h y d r a u l i c a l l y smooth. Furthermore, f o r the four tests shown i n tab le 1, 
the equiva lent sand-grain roughness v a r i e d considerably w i t h the Reynolds 
number. I t i s apparent that the character of the roughness i n the s o -
ca l l ed smooth p i p e , doubtless due to the f langes and w a l l i r r e g u l a r i t i e s , 
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is not analogous to the sand roughness described by Nikuradse's results. 
Abrupt Enlargement Tests.—The basic data from the abrupt enlargement 
tests consisted principally of the piezometric profile data shown in 
tables 2 and 3 and on figures 9 to 16, inclusive. The test program 
for each of the two kinds of six-inch pipe included four tests on each 
of the four different nozzles. The four tests made on each set-up cover­
ed a small range of Reynolds numbers in the turbulent range. 
For all tests, the piezometric heads at eight different stations 
in the large pipe were measured as differentials with respect to the 
piezometric head at the beginning of the enlargement (section l ) . In 
the tables and figures which show the results the piezometric head differ­
ences are shown as dimensionless ratios with respect to the velocity head 
in the downstream pipe. 
Each of the piezometric profile diagrams, figures 9 to 16, includes 
a straight line which represents the slope of the hydraulic grade line for 
uniform flow at an average Reynolds number corresponding to the enlarge­
ment tests shown on the figure. By comparison with the downstream ends 
of the plotted profiles, this line provides a measure of the degree of 
uniformity achieved by the disturbed flow downstream from the enlargement. 
Table h includes a summary of the essential data from the piezo­
metric profile measurements. The piezometric head difference (Ah) in 
this table was taken from smoothed curves drawn through the profile data. 
For the rough pipe, (Ah) represents the difference in head between 
section (l) and the section corresponding to the last piezometer in the 
pipe. For these tests the last piezometer was located a distance 
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2 = 2 ^ '3 D 2 f r o n i t h e ^ e g i J ^ i l n g o f abrupt enlargement. For comparison, 
values of (Ah) f o r the smooth pipe represent the d i f fe rence i n p i e z o ­
metr ic head between sect ion ( l ) and a sec t ion between the l as t two p i e z o ­
meters at a distance = 2$ D^ from the beginning of the enlargement. 
V e l o c i t y D i s t r i b u t i o n Measurements,—Pitot -stat ic tube t raverses t o d e t e r ­
mine the v e l o c i t y d i s t r i b u t i o n were made i n the nozz les as w e l l as the 
s i x - i n c h pipes f o r two of the four area r a t i o s i n v o l v e d i n the en large­
ment t e s t s . 
Measurements i n the large pipes consisted of nine v e l o c i t y de te r ­
minations i n a s i n g l e diametr ic s e c t i o n . The p i t o t - s t a t i c tube used f o r 
these measurements i s shown i n f i g u r e 8, The resu l ts of the measurements 
are shown as dimensionless v e l o c i t y diagrams on f i g u r e s 17 to 20, i n ­
c l u s i v e . Each curve on these f igures i s labeled to show the l o c a t i o n of 
the s e c t i o n of measurement and the computed values of alpha (equation 16) 
and beta (equation ll±) at that s e c t i o n . F igure 21 i s an a l t e r n a t i v e r e p r e ­
senta t ion of the v e l o c i t y t raverses made at the sec t ion fa r thes t downstream 
f o r each of the f o u r t e s t s . The purpose of th is f i g u r e i s to compare the 
measured v e l o c i t y d i s t r i b u t i o n at the downstream end of the tes t reach w i t h 
the normal v e l o c i t y curve based on the equations of Prandt l and von Karman 
(8 ) . 
F igure 22 shows the r e s u l t s o f v e l o c i t y t raverses made at the end 
of two of the four nozz les used i n the t e s t s . These measurements were 
made w i t h a s i n g l e stagnat ion tube w i t h a hypodermic needle t i p . During 
the measurements the s i x - i n c h pipe was removed and the nozz le j e t was 
al lowed to discharge in to the atmosphere. Each curve shown on the f i g u r e 
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AITALISIS AT ID DISCU33I0II OF £BSF§ JE3ULTS 
ENERGY LOSSES DUE TO ABRUPT ENLARGEMENTS.—THE PRINCIPAL RESULTS OF THIS 
INVESTIGATION ARE SHOWN IN TABLE K AND ON FIGURES 23 TO 28, INCLUSIVE. 
THE COMPUTATIONS LEADING TO THE SUMMARY DATA CONTAINED IN TABLE I; ARE 
EXPLAINED ON A PAGE OF FOOTNOTES ACCOMPANYING THE TABLE. ALL OF THE 
DATA PLOTTED ON THE SUMMARY FIGURES ARE SHOWN IN THE TABLE. 
THEORETICAL CONSIDERATIONS IN CHAPTER II LEAD TO THE CONCLUSION 
THAT THE TOTAL LOSS OF ENERGY IN THE REGION OF NON-UNIFORMITY DOWNSTREAM 
FROM AN ABRUPT ENLARGEMENT IS COMPRISED OF TWO PARTS• THE LARGEST OF 
THESE, USUALLY,, IS (H ), THE LOSS RESULTING FROM THE EXCESS SHEAR STRESSES 
R̂HICH OCCUR IN THE TURBULENT WAKE. THIS LOSS IS BELIEVED TO BE PRIMARILY 
DEPENDENT ON BOUNDARY GEOMETRY—WHICH, IN THE CASE OF CIRCULAR PIPES, IS 
REPRESENTED MAINLY BY THE ENLARGEMENT RATIO, Â /A . THE SECOND LOSS IS 
(H^Oj WHICH IS THE ACCUMULATED BOUNDARY RESISTANCE LOSS IN THE REACH 
CONSIDERED. THIS LOSS IS BELIEVED TO DEPEND ON THE ENLARGEMENT RATIO, 
THE REYNOLDS NUMBER, THE RELATIVE ROUGHNESS OF THE PIPE, FLOW CONDITIONS 
AT THE ENTRANCE, AND THE DISTANCE FROM THE BEGINNING OF THE ENLARGEMENT, 
APPROXIMATE ANALYSES PERFORMED IN CHAPTER II, IGNORING THE IN­
FLUENCE OF VELOCITY NON-UNIFORMITIES IN BOTH PIPES, SUGGEST THAT (H ) 
CAN BE EVALUATED FROM THE CLASSIC BORDA EQUATION, EQUATION 1. THUS, THE 
RESIDUAL LOSS (H^1) MUST BE EVALUATED FROM EXPERIMENTS WHICH EMBRACE ALL 
OF THE INDEPENDENT VARIABLES. IF UPSTREAM FLOW CONDITIONS ARE ELIMINATED 
IT FOLLOWS THAT, 
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'--tfar/i'k)' (16) 
where phi) means "function of," is the Reynolds number of the 
larger pipe, ( k A O is the relative roughness of the pipe, (A /A ) is the 
2 2 1 
enlargement ratio, and (^^^ i S ^ B ^ e I S £ ^ » relative to the pipe dia­
meter, of the non-uniform flow reach considered in the evaluation of the 
total head loss ( H ) , 
L 
If, from practical considerations, (L ) is defined arbitrarily as 
a constant length sufficient for the establishment of uniform flow down­
stream from the enlargement, the variables are reduced to (Rg), (k/Dg) and 
(A^/A^), The tests performed for this investigation define (H^,1) over a 
limited range o f values of (R^) in the turbulent range, two values o f 
( k/D^), and four values of (A^/A^), For all tests (Z^/D^) was taken to 
be approximately 2 5 . 
Several reasons can be given for believing that a reach of length 
= 25 is sufficient to contain the major part of the non-uniform flow 
downstream from the e n l a r g e m e n t . F i g u r e s 9 to 1.6} for example, show that 
the hydraulic grade lines described by the piezometric profiles for the 
enlargement tests are virtually parallel to the uniform-flow grade line 
at ~ ^* Fi%m'e 2 1 , furthermore, shows that the velocity distribu­
tion at the downstream end of the test reach is very nearly normal in 
comparison with the Karman-Prand11 equations. Finally, Kalinske (k) has 
shown that the turbulence energy in the flow downstream from an abrupt 
enlargement (A^/A^ s 3 ) was essentially normal after a distance of 17 
diameters. 
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It has been observed that (H ) is the larger part of the total 
energy loss in the non-uniform flow reach downstream from an enlargement* 
This is clearly demonstrated on figure 23, which shows the residual loss, 
H^' = - H x , as a percentage of the total measured head loss. It is 
apparent that (H^') is a relatively insignificant part of the total loss 
for values of (A^/A^) greater than about 5*0* This conclusion is of con­
siderable importance in evaluating the subsequent conclusions regarding 
(H f») at higher values of (A^/A^). 
The coefficient (f 1) was described in Chapter II as a boundary 
resistance coefficient similar to (f) in the Darcy-Weisbach equation for 
uniform flow in pipes. Values of (f') computed from the test results 
are shown in table h and on figures 2h and 2$. From the figures it is 
apparent that (f') depends only slightly on t h e Reynolds number but very 
much on the enlargement ratio. It appears, furthermore, that the in­
fluence of the enlargement ratio is greater for the smooth pipe than for 
t h e rough pipe. It is also evident, especially for the rough pipe, that 
( f ) is lower than (f) at small e n l a r g e m e n t r a t i o s . 
Figure 26, which emphasizes the influence of (A^/A ) o n i s 
an alternative method of showing the data on figures 2h and 25. Values 
of Rg, not shown for the plotted points, can be obtained from table h* 
Figure 2? is a dimensionless plot of the data shown on figure 26. 
From this diagram it is apparent that f 1 (or H^') can be as much as 12 
times f (or H^) when A^/A^ s 17» However, it should be emphasized that, 
from figure 23, H^ 1 (not E^) is only about three percent of the total 
loss for this condition. 
2h 
From practical considerations, figure 28 is probably the most 
significant of the summary diagrams. This figure, based on all the tests 
for both the smooth and the rough pipes, shows the error in the assump­
tion that H^ 1 = H^, expressed as a percentage of the total energy loss 
in the first 25 diameters of the larger pipe. It is significant that 
the error is small and within the usual limits of accuracy for estimating 
resistance coefficients for uniform flow. It is also significant that 
the error, expressed as (H^l-^)/K^9 is positive and relatively constant 
for values of (A^/A^) above 5 * 0 , that it is negative for small enlarge­
ment ratios, and that it is relatively independent of the Reynolds number 
in the range investigated. 
Influence of Velocity Distribution,—Analyses in the preceding section were 
based on a summary of test results in which the influence of velocity dis­
tribution at sections (l) and (2 ) was ignored. Equations 8 and 9 provide 
a measure of the error resulting from this procedure. 
According to equation 8 the relative error in computing (H^,1) with­
out regard for velocity distribution depends on A^/A^, j$ ^, a n d ^ S ^ * The 
error in ( f ) depends, in addition, on the value of (L^/D^) used in evalu­
ating (H It is believed that the results of the velocity distribution 
1 
tests shown on figures 17 to 2 2 , inclusive, although they do not cover a 
full range of enlargement ratios, are sufficient to indicate the relative 
magnitude of the error in values of (H^*) and (f f) given in table k» 
For both tests shown on figure 2 2 , ^ s 1»002, This value 
agrees well with values determined by Peters (9) for the entrance to 
smooth pipes. From figures 17 and 1 8 , (j32^ a t ^ 2 = 2 ^ i s 1 , 0 ° 7 f o r 
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A 2 A 1 = 7»01 and 1.003 for - 1 * 8 7. For the rough pipes, from 
figures 19 and 20, at L/D2 a 2̂ .3 is 1.05 for A 2 / A 1 = 6.85 and 
1.01 for Ag/A^ - 1.82. When these values are substituted in equations 
8 and 9, the maximum error (for A^/A^ = 6.85 and the rough pipe) in 
(H ^ 1 ) * expressed as a ratio with respect to (V /2g), is 0.072, and 
the corresponding maximum error in (f !) is + 0.002 8. As these values 
are within the range of experimental accuracy, it is believed that the 





1 . The total head loss in a pipe line containing an abrupt enlargement 
is comprised of two parts., The larger loss is that due to the ex­
cess turbulence in the wake of the enlargement, H • The second is 
DC 
a boundary resistance loss, H^*. 
2 . The loss (H ) depends primarily on the enlargement ratio. It can be 
evaluated from the classic Borda-Carnot equation., 
3m The boundary resistance loss, H^ 1, depends on the enlargement ratio, 
the Reynolds number, the relative roughness of the pipe, flow condi­
tions at the entrance, and the distance (L^) over which the total 
head loss is measured. This loss can be evaluated from a form of 
the Darcy-lTeisbach equation in which (f 1) is the resistance coef­
ficient • 
lj. From tests covering a small range of Reynolds numbers in the turbulent 
range and in which entrance conditions and length were constants 
(Iv, = 25 B g ) , it was shown that (f 1) is influenced only slightly by 
Reynolds number but very much by the enlargement ratio and relative 
roughness• 
5 . The influence of the enlargement ratio is greater for a smooth pipe 
than for a moderately rough pipe. 
6. For both smooth and rough pipes, (f T) is slightly smaller than the 
uniform-flow resistance coefficient,(f) at values of the enlargement 
(Ag/A^) less than about four. For higher values of the enlargement 
ratio, (f !) becomes much larger than (f), the ratio (f !/f) reaching 
a maximum of 12 for an enlargement (area) ratio of 17 in smooth pipe. 
In comparison with the total head loss downstream from abrupt enlarge­
ments, the observed difference between (f !) and (f) is insignificant. 
Thus, the relative error due to using (f) instead of ( f ) in the region 
of flow establishment is less than the usual error in estimating (f) 
for uniform flow. 
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T a b l e 1 . Summary of* Boundary R e s i s t a n c e T e s t s 
T e s t £ 2 f 
(1) (2) 
13S 1 .37x10^ O.OU69 0 .0163 
1I4S 2.1j6xlC^ .0175 0 . 0190 
15S 1 . 0 3 x 1 0 * .0356 0 . 0 2 2 0 
16S 3 . 3 3 x 1 0 * 0 . 0298 0 . 0 1 7 5 
13R h.78x10* 0 . 1223 0.0592 
UjR 3 . 0 9 x 1 0 * 0 .0523 0 .0607 
I S * 1 . 5 9 x 1 0 * 0 .0135 0 .059U 
16R 2 . 8 & x l 0 * 0.0572 0 .0599 
(1 ) S l o p e o f p i e z o m e t r i c l i n e a t downstream end o f t e s t r e a c h . 
( 2 ) R e s i s t a n c e c o e f f i c i e n t i n t h e Darcy-Weisbach e q u a t i o n . 
Table 2 . Piezometric Profiles, Smooth Pipe 
(h-h^ 4 " V g / 2 G 
m , A„ Distance, LytJ 
Test _ 2 _ 2 
No. A^ p^ TOT 1 7 7 3 2 7 9 ? 3 T B 2 O O L E O 2 0 . I 2 O 
IS 7 . 0 1 
. 7 . 0 1 
3S 7 . 0 1 
US 1 7 . 6 
5S 1 7 . 6 
6S 1 7 . 6 
7S 3 . U 3 
8S 3 . U 3 
9S 3 . U 3 
ICS 1 . 8 7 
1 1 S 1 . 8 7 
1 2 S 1 . 8 7 
9 . 5 5 X I C F 
2.82xlCf 
6.0lpclCf 
2 . 8 9 X W 
1 . 7 5 X L ( * 
2 . 8 5 X L C P 
1 . 9 5 X L C P 
1 . 1 5 O C 1 0 | 
U.OQxlO? 
2 . 5 2 X L 0 5 
1 . 2 6 X L C P 
- U . U 8 - O . 3 6 6 U . 3 3 6 . 6 7 1 0 . U 1 0 . 3 1 0 . 2 1 0 . 1 
- 0 . 7 8 8 - 0 . 1 8 9 5 . 3 1 8 . 6 2 1 0 . 3 1 0 . 2 1 0 . 0 9 .83 
- 0.53U 1.78 6.9k 9 . U 3 1 0 . 7 1 0 . 3 9 . 9 6 9 .79 
- 1 2 . 0 - 1 8 . 2 $.69 21.1* 2 1 . 8 2 5 . 1 2 I 1 . 6 2h.3 
- 1 0 A - 1 2 . k 9 . 9 0 2 2 . 2 2 3 . 8 2 U . 8 2 U . 2 2 3 . 6 
- 9 . 1 7 - 1 2 . 8 1 1 . 9 2 0 . 2 2 2 . 9 23 «li 23.1; 23 .U 
- 0 . 82k 1.83 3 . 1 9 h.Oh U . 5 8 U . 5 0 h.ho i i .28 
- 0 . 0 2 6 1 .77 3 . 1 9 h.ok H . 5 3 U . U 3 U . 3 5 U . 2 3 
- 0 . 2 2 5 1.69 3 . 1 1 3 . 9 8 h.$h h.39 L . H 7 U . 2 8 U . 1 2 0 . U 0 0 1.39 1 . 5 2 1 . 5 5 1 . 5 6 1.39 1 . 2 5 
0 . 3 5 8 1 .37 1 . 5 2 I . 5 U 1 . 5 6 1.U3 1.21 
0 . 3 3 6 1 . 3 7 1 . 5 3 1 . 5 6 1 . 5 5 1.1*2 1 . 3 0 1.13 
V B 2 
= Piezometric head difference referred to Section 1 at the abrupt enlargement. 
- Distance from abrupt enlargement referred to diameter of larger pipe. 
Table 3 . Piezometric Profiles, Rough Pipe 
(h-h^ T - V^ / 2 g 
Test ^1 Distance, L/D 2 
No. A _ R O c S 2 0 1 3 3 5 IH22 8T IE HuO 2 1 a 2TI3 
1 c 
. 1 7 . 1 6 . 8 1 x 1 0 ^ 
5 . 1 9 X 1 0 ^ 
2 . 7 9 X 1 0 ^ 
- 1 1 . 8 - 8 . 8 2 1 6 . h 2 7 . 7 3 0 . 2 2 9 . 9 2 9 . 6 2 9 . U 
2 R 1 7 . 1 -1U.3 - 9 . M 3 1 7 . 8 3 1 . 1 3U.3 33.6 2 9 . 6 2 9 . 3 
3 R 1 7 . 1 -17 . 5 - 6 . 8 3 
1 9 . h 2 8 . 0 30.h 3 0 . 1 2 9 . 7 2 9 . 3 U R 6.85 1.59x105 
8 . 9 3 X 1 A 4 
3 . 9 C X L ( A 
3 . O I P C I C Y 
- 1 . 1 0 1 . 1 3 6.1+9 9 . 7 5 1 0 . 7 1 0 . 5 1 0 . 1 9.89 
5 s 6 . 8 5 - 1.93 0 . 7 7 b 6 . 1 9 9.68 1 0 . 7 
1 0 . h 1 0 . 2 9 . 8 1 6 R 6.85 - 3 . 6 6 0.h95 5.25 9 . ) | 1 1 0 . 3 1 0 . 0 9 . 6 0 9 . 3 1 
7 H 3.3U 0 . 0 1 0 2.3U 3.39 3 . 9 9 U . 2 0 3 . 8 8 3 . 5 1 3 . 3 2 
8 R 3.3h 1 . 7 7 X 1 0 ? 9.79xnA 
3 J 4 I 4 X I C P 
- 0 , 0 6 9 2.25 3 . 2 2 3.9U U . 1 6 3.86 3 . U 8 3 . 3 0 
9 R .3U -0.07U9 2 . 1 1 3.35 I U O O U . 1 0 3.79 3.hi 3 . 2 0 1 0 R 1 . 8 2 0.755 1 . 3 1 1 . 3 2 1 . 2 9 1 . 1 3 0 . 8 3 0 O.I+56 0.21+9 
1 1 R 1 . 8 2 2 . 3 1 4 X 1 0 5 
1.̂ 5x10? 
0.71+5 1 . 3 1 1.33 / • 1 . 1 1 0 . 8 1 7 0.J457 0.21+5 
1 2 R 1 . 8 2 0 . 7 1 3 1 . 3 0 %*3h 1 . 2 9 1 , 1 0 0 . 8 2 2 0.U20 0 . 2 2 9 
(h-h ) = Piezometric head difference referred to Section 1 at the abrupt enlargement. 
L/EL = Distance from abrupt enlargement referred to diameter of larger pipe. 
T A B L E LI. S U M M A R Y O F T E S T S ON A B R U P T E N L A R G E M E N T S 
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Footnotes to Table k 
Col, 2 - The same four nozzles were used and therefore A^ was constant 
for all tests; however, (Dg) for the smooth pipe was 0 .U80 
feet, whereas (Dg) for the rough pipe was O.lfih feet. 
Col. 3 - Measured discharge in cubic feet per second. 
Cols. 5 
and 6 - Velocity heads were computed on the basis of average velocities; 
i.e., velocity was assumed to be uniformly distributed. 
Col. 7 - A h = h ^ - h ^ is the measured difference in piezometric head be­
tween the abrupt enlargement (L/Dg - 0 ) and the piezometric 
section at L/Dg - 2 5 . 0 (smooth pipe) or L/Dg = 2 5 . 3 (rough 
pipe). 
Col. 8 - H L = V^/2g - A h - v " 2 2 / 2 g = total energy loss in the first 25 
(or 2 5 * 3 ) diameters of the larger pipe. 
Col. 9 - = f(L/D^) V^/2g - computed friction loss, assuming uniform 
flow downstream from the abrupt enlargement. Values of (f) 
taken from Fig, 2h or Fig. 25 for ^/A^ = 1.0, 
Col. 10 - = (Vj-Vg) / 2 g r head loss due to abrupt enlargement, accord­
ing to the Borda equation. 
Col. 11 - H^* - Hj-H^. r residual head loss attributed to boundary resis­
tance in the 25-diameter reach downstream from the enlargement. 
Col. lh - (f !) is the resistance coefficient in the Darcy-Weisbach equation 
based on (H^ !) as defined above. 
Col. 15 - Values of (f) taken from Fig. 2l+ or Fig. 25 for = 1 , 0 8 j a 3 i 
for values of R 0 in Col. u. 
Fig. 1 . Definition Sketch of Flow in an Abrupt Enlargement. 
FROM CONSTANT-HEAD TANK 
6 in. pipe 
BIN. XIZLN. SEDUCING FFBORT 
Nocz/E 
PIPE 
VONE STREIYHTENER LINK-FENCE BAFFFE 
(L) DISTANCE MEASURED FROM FT ON* OF END OF FROZE 
SMOOTH/»'/**•' -5" LENGTH* £' A/?PN>X. /S FT ;ATY. DIA <*0. 480 FT. (INSFDE ) 
SOU J ft PIP* : J SNATHS s APPRO*. T$fr ; AVF. DIN. - 0.474 //. (INSIDE) ^^"-^ 
1 1 
RE TURN TO TVE/CFHINA TANK. Sv/TCNTAD 
Fig. 2 . Laboratory Set-Up 

FIGURE 4 . ENTRANCE FOR BOUNDARY RESISTANCE TESTS (ROUGH PIPE). 
FIGURE 5. NOZZLES USED FOR ALL TESTS. '•o 
F I G U R E 6 . P I P E - N O Z Z L E A S S E M B L Y ( A 2 / A 1 = 1 . 8 7 ) . 
Fig r 7» Details of Nozzles and Pipe Entrance Sections 
h2 
(LEFT) PITOT-STATIC TUBE 
(RIGHT) STATIC TUBE 








a Teat i+S; JUr 6.04xlOJj-
A Test 5Si Rgr 2.89x10*-" 
O Test 6S; Rg= 1.75xl04 
Note: hi= Piezometric head in 
smaller pipe just upstream 
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L/D2=DI3TANCE from Abrupt Enlargement 
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Legend 
• Test 75 R 2 = 2.8£XIC£ 
— A Test 8S RG = 1.95X10* 
o Test 9S R 2 = 1.15X10* 
NOTE: = Piezometric head in smaller 











£ V A I ^ 1.0 (Frc M Fr ict : .on Test; I ) 
k 8 12 16 20 2k 28 
L/Dg r Distance from Abrupt Enlargement 
F i g . 11. Piezometric P r o f i l e s , Smooth P ipe , A^/A^ z 3.1±3 
O h 8 12 16 20 2h 28 
LA*2 = Distance from Abrupt Enlargement 
Fig. 1 2 . Piezometric Profiles, Smooth Pipe, A 2 / A i = 
L e g e n d 
T e s t IB;52=6 .81x10^ 
T e s t aB ,R2=5.r?xl0j* ' 
T e s t 3 f i ; R 2 = 2 . 7 ^ x l O ^ 
N o t e : h-f-Piezometric h e a d i n 
s m a l l e r p i p e j u s t u p s t r e a m 
f r o m e b r u p t e n l a r g e m e n t . 
A ^ l . o f c F r c m F r i c t i o n T f e s t s ) 
12 16 20 
L / D 2 = D i s t a n c e f r o m A b r u p t E n l a r g e m e n t 
F i g . l 3 # P i e z o m e t r i c P r o f i l e s , R o u g h P i p e , A2 /A3P17 .1 
24 
0 4 9 12 lb 20 
L/D^rDistance from abrupt Enlargement 
Fig.liu Piezometric Profiles, Rough Pipe» 
L e g e n d 
D T e s t 7Ri R2=3.04xlC>5 
A T e a t 8Rj f^I.TTxloJ 
o T e a t 9R; Fg=9.79x10^ 
N o t e t h ]=Piezomet r i c h e a d i n 
s m a l l e r p i p e j u s t u p s t r e a m 
f r o m a b r u p t e n l a r g e m e n t . 
: 1 . 0 ( F r a a Fricti o n Testa ) 
8 U 16 
I/^ zDistence from Abrupt Enlargement 
Fig,l£# Picicmetiic Profiles, Rough Pipe, A2/*1R3»3K 
20 
Legend 
• Test lORj R2=3.44xlO^ 
A Test llRj R2=2.34xlo£ 
0 Test 12P; R ^ l . ^ x l C p 
Note. Piezometric head in 
smaller pipe just upstream 
from abrupt enlargement. 
.0(rrcm Frictior Tests)" 
0 4 8 12 16 20 24 
L/D 2= Distance from Abrupt Enlargement 
F i g . 1 6 . Piezometric Profiles, Rough Pipe, tyM = X,B2 
-L.O ° /.O F.O 3.0 4.Q F-O 6.0 7.0 
v/\/z - Velocity gefah've -fo Average Ve/oaty in Larye Pipe, 
Fig.l7 # Velocity Profiles, Smooth Pipe, A^Al^i.Gl, R=l.21X10^ 
Fig,18. Velocity Frofiles, Smooth Pipe. A^/A^ 1.87, Rj?2.60x10"* 
% 2 - Ve/oc/Jy Sefahvc to Average, Velocity in Larje $p> 
Fig. 19. Velocity Profiles, Rough Pipe, A 2 / A 1 = 6 . 8 5 > 22=1.21X10^ 
o.z o-4 0.6 0.8 /.O /.Z // /.6 
Veh&fy £efahve /4vera<j& VeIoc//y in Lqrye Pipe, 
Fig .20. Velocity Profiles, Rough Pipe, A 2/A 1=l,82, R2=2.54xl<>) 
ho 
0.8 
0 . 6 
04 
Legend 
Symbol Pipe A 2 / A x R2 L/D 2 
O Smooth 7-01 1.21X10* 28.8 
A Smooth I.87 2.60X10* 28.8 
• Rough 6.85 1.26X10* 35*3 
• Rough 1.82 2.50X10* 25*3 
NOTE: Plotted points show average of measure­
ments made on both sides of centerline 




o i a s 
Velocity Distribution Ratio 
HQ 
Fig. 21. Velocity Distribution at Downstream End of Pipe 
1 
z 
NOTE: fa/CC/VY <FTSFRIIWJIEN CURVES QRE 
CTTFEROYE OF VERTICAL 4 HCNENRRM/ TRAVERSE I. 
1 
OA AO i.Z 
% = Ve/oci/y PefaHve io Average Yeioc/iu )n Nozzle 
Fig.22. Velocity Profiles in Two Nozzles 
60 
ho 
\ Legend • o Lowest value of R,for tests on any value of A 2 / A 1 "* 
i A Middle value of 
• 0 Highest value of R^ 
NOTE: (R-») - total head loss (H L) In first 2$ dia­
meters of larger pipe minus the expansion loss 



















Smoot ti Pipe V \ \ 
—• -j 
z z — ft-
0 12 h 6 8 10 12 1U 16 18 
A2/Â  = Enlargement Ratio 
Fig. 23. Ratio of (H 1 ) to Total Head Loss 
58 
NOTEi 
(f) based on slope of piezometric line at 
downstream end of test reach. 
(f 1 ) based on total head loss in first 25 
diameters of larger pipe minus expansion 
loss from Borda equation. 
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Rg == Reynolds Number 
Fig. Zk» Resistance Coefficients for Smooth Pipe. 
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(f) based on slope of piezometric line »t 
downstream end of test reach. 
(f 1 ) based on total head loss in first 25 
diameters of larger pipe minus expansion 
loss from Borda equation. 
• = 17.1 
— fi n c 
trapol a ted A /a* . 0 0 on ' Pes -4 ii.——-J V = 1 ,82 A Ik •V*i f 3.34 
Rg = Reynolds Number 
















• o Lowest value of R ?for tests on any 
value of A2/A2 
• * A Middle value of R„ 
—z 
• n Highest value of 
NOTE: (f') based on total head loss In first 2$ 
diameters of larger pipe minus loss from 
Borda Equation 
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h 6 8 10 12 lh 
A 2/A^ = Enlargement Ratio 
Pig. 26. Resistance Coefficient (f f) for Abrupt Enlargements 
16 18 
Legend 
• o Lowest value of R,for tests on any value 
of A 2 / A x 
A A Middle value cf R , —* 
» • Highest value of R 
NOTE: (f) based on slope of piezometric line at 
downstream end of test reach, 
(f 1) based on total head loss in first 25 dia­
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Fig. 2 7 . Ratio of Resistance Coefficients, f f/£ 
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(Hf«) a total head loss (H L) in first 2 5 
diameters of larger pipe minus the expansion 
loss (Hg) from Borda equation 
(Hf) = head L O 3 3 computed on assumption of 
uniform flow downstream from enlargement 
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Ag/A^ a Enlargement Ratio 
Fig, 2 8 , Error in Assumption that H f r s H f 
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